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Abstract—Linear precoding techniques, such as zero forcing
precoding, can achieve the near-optimal capacity due to the
favorable channel propagation in large-scale MIMO systems,
but involve complicated matrix inversion of large size. In this
paper, we propose a low-complexity linear precoding scheme
based on the Gauss-Seidel (GS) method. The proposed scheme
can achieve the capacity-approaching performance of the classical
linear precoding schemes in an iterative way without complicated
matrix inversion, which can reduce the overall complexity by
one order of magnitude. We also prove that the proposed GSbased precoding scheme has a faster convergence rate than the
recently proposed Neumann-based precoding scheme. Simulation
results demonstrate that the proposed scheme can achieve the
exact capacity-approaching performance of the classical linear
precoding schemes with only a small number of iterations.

I. I NTRODUCTION
Multiple-input multiple-output (MIMO) technology has
been successfully integrated in a series of well established
communication technologies, such as the 4th generation (4G)
cellular system LTE-A, IEEE 802.11n wireless LAN system,
etc. It is considered as a promising key technology for future
wireless systems [1], [2]. Unlike the traditional small-scale
MIMO (e.g., at most 8 antennas in LTE-A), large-scale MIMO,
which equips a very large number of antennas (e.g., 256 antennas or even more) at the base station (BS) to simultaneously
serve multiple users, is recently proposed [3]. It has been
theoretically proved that large-scale MIMO can achieve orders
of simultaneous increase in spectrum and energy efﬁciency [4].
However, realizing the very attractive merits of large-scale
MIMO in practice faces several challenging problems, one of
which is the low-complexity precoding in the downlink [5].
In order to shift the complicated processing of multi-user
interference cancellation from the users to the BS to relieve
the computational complexity of users in the downlink, two
categories of precoding techniques, i.e., nonlinear and linear
precoding, have been proposed. The optimal nonlinear precoding technique is the dirty paper precoding (DPC), which has
been proved to be able to achieve the ideal channel capacity by
subtracting the potential interferences before transmission [6].
However, it is very difﬁcult to be realized for large-scale
MIMO systems due to the high complexity of successive
encoding and decoding. To achieve the close-optimal capacity
with reduced complexity, some other nonlinear precoding
techniques, such as the vector perturbation (VP) precoding [7]
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and the lattice-aided precoding [8] have been proposed, but
their complexity is still unaffordable when the dimension of
the MIMO system is large or the modulation order is high [9]
(e.g., 256 antennas at the BS with 64 QAM modulation). To
make a trade-off between the capacity and complexity, one can
resort to linear precoding techniques, which can also achieve
the capacity-approaching performance, since the favorable
channel propagation makes the channel matrix asymptotically
orthogonal in large-scale MIMO systems [5]. The simplest
linear precoding scheme is the match ﬁlter (MF) precoding,
but it can only achieve the satisfying capacity when the number
of antennas at BS is very large (e.g., 1024 or more), while for
a more realistic large-scale MIMO system, the zero forcing
(ZF) precoding can enjoy a much better performance than
the MF precoding [5]. However, the ZF precoding involves
unfavorable complicated matrix inversion whose complexity
is cubic with respect to the number of users. Very recently,
the ZF precoding based on Neumann series approximation
(Neumann-based precoding) was proposed in [10] to reduce
the computational complexity of matrix inversion, which is
realized by converting the matrix inversion into a series of
matrix-vector multiplications. However, only marginal complexity reduction can be achieved.
In this paper, we propose a low-complexity capacityapproaching linear precoding based on the Gauss-Seidel (GS)
method [11]. The proposed GS-based precoding scheme can
reconstruct the transmitted signal in an iterative way without
the complicated matrix inversion, and the analysis shows
that the overall complexity can be reduced by one order of
magnitude. We also prove that the proposed GS-based precoding scheme has a faster convergence rate than the recently
proposed Neumann-based precoding scheme [10]. Simulation
results verify that the proposed precoding scheme can achieve
a satisfying capacity in a small number of iterations. To the
best of our knowledge, this work is the ﬁrst one to utilize the
GS method for the precoding in large-scale MIMO systems.
The rest of the paper is organized as follows. Section II
brieﬂy introduces the system model. Section III speciﬁes
the proposed low-complexity capacity-approaching precoding
scheme, together with the convergence rate and the complexity analysis. The simulation results of the achieved channel
capacity and the bit error rate (BER) performance are shown
in Section IV. Finally, conclusions are drawn in Section V.
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Notation: Lower-case and upper-case boldface letters denote
vectors and matrices, respectively; (·)T , (·)H , (·)−1 , det(·),
and tr(·) denote the transpose, conjugate transpose, inversion,
determinant, and trace of a matrix, respectively; ·F and ·2
denote the Frobenius norm of a matrix and the 2-norm of a
vector, respectively; |·| and (·)∗ denote the absolute and conjugate operators, respectively; Re{·} and Im{·} denote the real
part and imaginary part of a complex number, respectively;
Finally, IN is the N × N identity matrix.

to other users [12], [13], which makes the linear precoding
robust to the CSI mismatch. The other attractive property is the
well-known favorable channel propagation, which makes the
columns of channel matrix H asymptotically orthogonal due
to the selected users are usually far away from each other [5].
That means the simple linear precoding techniques can achieve
the capacity-approaching performance as will be veriﬁed later
in Section IV.

II. S YSTEM M ODEL

III. L OW-C OMPLEXITY L INEAR P RECODING S CHEME F OR
L ARGE -S CALE MIMO

As illustrated in Fig. 1, we consider a single cell multi-user
large-scale MIMO system in the downlink, which employs N
antennas at the BS to simultaneously serve K single-antenna
users [3]–[5]. In such system, we usually have N  K, e.g.,
N = 256 and K = 16 were considered in [5]. The received
signal vector y = [y1 , · · ·, yK ]T containing the received signals for K users can be represented as
√
y = ρf Ht + n,
(1)

In this section, we ﬁrst brieﬂy introduce the classical ZF
precoding, which is capacity-approaching but involves high
complexity for downlink large-scale MIMO systems. Then
a low-complexity precoding scheme based on GS method is
proposed to iteratively achieve the ZF precoding performance.
The proof that the GS-based precoding scheme has faster
convergence rate is also derived. Finally, we provide the complexity analysis of the proposed scheme to show its advantages
over the recently proposed Neumann-based precoding scheme.

where ρf is the signal-to-noise ratio (SNR) in the downlink, H ∈ CK×N denotes the ﬂat Rayleigh fading channel matrix whose entries follow the distribution CN (0, 1),
n = [n1 , · · ·, nK ]T presents the additive white Gaussian noise
(AWGN) vector with independent and identically distributed
(i.i.d.) zero mean and unit-variance complex Gaussian random
variables, t denotes the N × 1 normalized signal
for
 vector

2
actual transmission after precoding (i.e., E t = K),
which is obtained by
t = Ps,
(2)
where P is the N × K precoding matrix, s = [s1 , · · ·, sK ]T
presents the original signal vector for all K users to be
transmitted.
1

A. ZF precoding scheme
The ZF precoding is a scheme by which the multipleantenna transmitter can eliminate multiuser interferences. The
ZF precoding matrix can be presented as [5]
PZF = βH† ,

where H† = HH (HHH )−1 = HH W−1 denotes the pseudoinversion of the channel matrix H, here W=HHH , β is the
normalized factor which averages the ﬂuctuations in transmit
power. A suitable choice for β is

K
β=
.
(4)
tr (W−1 )
Then we can obtain the precoded signal vector t for transmission as
t = βHH W−1 s = βHH ŝ.
(5)

8VHU

Considering (1) and (2), we can use G = HP to present the
equivalent channel matrix. Since the CSI is assumed to be
2
known at the transmitter [10], we have |gmk | = 0 if m = k,
where gmk is the element of G in the mth row and kth
column. Then, the received signal to interference plus noise
ratio (SINR) for any user k can be computed as

8VHU

8VHU .

γk =

8VHU .
Fig. 1.

(3)

=

Large-scale MIMO in the downlink.

The increased number of antennas N at the BS (while the
number of users K is ﬁxed) will lead to some special channel
properties for large-scale MIMO. One attractive property is
that the loss of signal power caused by imperfect channel state
information (CSI) is less probable to induce the interference

ρf

ρf
K

K
K

|gkk |2

m=k

|gmk |2 +1

=

ρf
K

|gkk |

2

(6)

ρf
tr(W−1 )

Based on (6), the sum rate achieved by the ZF precoding can
be presented as [5]


K
ρf
CZF =
. (7)
log2 (1+γi ) = Klog2 1+
i=1
tr (W−1 )
For downlink large-scale MIMO systems, it has been veriﬁed that the ZF precoding can achieve the capacity close to
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the optimal DPC precoding [5]. However, the ZF precoding
involves matrix inversion W−1 of large size, and the computational complexity of W−1 is O(K 3 ), which is high since
K is usually large in large-scale MIMO systems.
B. Linear precoding based on Gauss-Seidel method
Although the computation of W−1 is complicated, fortunately, the special channel properties of large-scale MIMO
enable us to obtain the precoded signal vector t (or
equivalently ŝ) in (5) with low complexity. For downlink
large-scale MIMO systems, the columns of channel matrix
H are asymptotically orthogonal [5]. Therefore, we have
qH Wq = qH H(qH H)H > 0, where q is an arbitrary N × 1
non-zero vector. This means matrix W is positive deﬁnite.
Besides, since we have WH = (HHH )H = W, we can conclude that matrix W is Hermitian positive deﬁnite.
The special property that W in (5) is a Hermitian positive
deﬁnite matrix for downlink large-scale MIMO systems inspires us to exploit the GS method to efﬁciently solve (5) in an
iterative way without matrix inversion. The GS method is used
to solve the linear equation Ax = b, where A is the N × N
Hermitian positive deﬁnite matrix, x is the N × 1 solution
vector, and b is the N × 1 measurement vector. Unlike the
traditional method that directly computes A−1 b to obtain x,
the GS method can iteratively solve the equation Ax = b
with low complexity. Since matrix A is Hermitian positive
deﬁnite, we can decompose A into a diagonal component DA ,
a strictly lower triangular component LA , and a strictly upper
triangular component LH
A . Then the solution to Ax = b can
be iteratively achieved by the GS method as [11]
(i)
x(i+1) = (DA + LA )−1 (b − LH
A x ),

i = 0, 1, 2, · · · (8)

where the superscript i denotes the number of iterations.
Due to W is Hermitian positive deﬁnite as mentioned
above, we can also decompose W as
W = D + L + LH ,

(9)

where D, L, and LH denote the diagonal component, the
strictly lower triangular component, and the strictly upper
triangular component of W, respectively. Then we can exploit
the GS method to approximate ŝ = W−1 s in (5) as below
ŝ(i+1) = (D + L)−1 (s − LH ŝ(i) ),

i = 0, 1, 2, · · ·

(10)

where ŝ(0) denotes the initial solution, which is usually set as
a K × 1 zero vector without loss of generality [11]. Then the
precoded signal vector for transmission can be achieved by
t = βHH ŝ(i+1) .

(11)

As (D + L) is a lower triangular matrix, one can solve (10)
to obtain ŝ(i+1) with low complexity as will be addressed in
Section III-D. It is worth noting that the proposed GS-based
precoding scheme is convergent for any initial solution since
the matrix W is Hermitian positive deﬁnite [11, Theorem
7.2.2]. Next we will prove that the GS-based precoding scheme
has a faster convergence rate than the recently proposed
Neumann-based precoding scheme [10].

C. Convergence rate
In this part, the approximation error induced by the GS
method is analyzed at ﬁrst. From (10), we can observe that
the approximation error can be presented as


ŝ(i+1) − ŝ = BG ŝ(i) − ŝ = · · · = Bi+1
ŝ(0) − ŝ . (12)
G
−1

where BG = −(D + L) LH denotes the iteration matrix of
the GS method. The approximation error can be evaluated as
ŝ(i+1) − ŝ

2

ŝ(0) − ŝ 2
= Bi+1
G
F
(i+1)
ŝ(0) − ŝ 2 ,
≤ BG F

(13)

which indicates that the ﬁnal approximation error resulting
from the GS method is affected by the Frobenius norm of
the iteration matrix BG , and a smaller BG F will lead to
a faster convergence rate [14]. The following Lemma 1 will
verify that BG F is smaller than the Frobenius norm of the
iteration matrix of the Neumann-based precoding scheme [10],
which means the GS-based precoding scheme can enjoy a
faster convergence rate.
Lemma 1. For downlink large-scale MIMO systems, we
B 
−1
have BG F ≤ √N2 F , where BG = −(D + L) LH and
−1
H
L+L
are the iteration matrices of the GSBN = D
based precoding and Neumann-based precoding schemes, respectively.
Proof: Note that BG can be rewritten as
BG = −(D + L)

−1

LH = −(IK + D−1 L)−1 D−1 LH . (14)

According to the random matrix theory [5], for downlink
large-scale MIMO systems with N  K, the elements of the
diagonal matrix D will converge to N , while the elements of
L will converge to 0. Thus, we have lim D−1 L = 0. Then
k→∞

the matrix (IK + D−1 L)−1 can be expanded as [14, Theorem
2.2.3]
(IK + D−1 L)−1 =

∞
k=0

k

(−1) D−1 L

= Ik − D−1 L +

∞
k=2

k
k

k

(−1) D−1 L .

(15)
By considering the fact that (D−1 L)k → 0 for a relatively
large k (e.g., k = 2), we can only keep the ﬁrst two
items of the sum in (15) to approximate the matrix as
(IK + D−1 L)−1 ≈ Ik − D−1 L. Then, the iteration matrix
BG of the GS-based precoding scheme can be approached
by
BG ≈ Ik − D−1 L D−1 LH = D−1 LH − D−2 LLH . (16)
After this approximation, the Frobenius norm of BG can be
presented as
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BG F ≈ D−1 LH − D−2 LLH F
≤ D−1 LH F + D−2 LLH

F

.

(17)

Similar to the analysis above, the second item
D−2 LLH F on the right hand of the inequality (17)
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has a very limited contribution to BG F , due to the fact
that the elements of D are large while the elements of L are
close to zero. Thus, we abandon this item and BG F can
be upper bounded by D−1 LH F as
⎞1
⎛

2 2
K
K




w
 mk  ⎠ . (18)
BG F ≤ D−1 LH F = ⎝
 wmm 
m=1 k=1,k<m

Since the iteration matrix of the Neumann-based precoding
scheme is BN = D−1 L + LH , the Frobenius norm of BN
can be obtained as



 1/2
K
K
 wmk 2
BN F =
 wmm 
m=1 k=1,k=m



K

K

=

2
√ m=1−1k=1,k<m
= 2 D LH F .



 wmk 2
 wmm 

1/2

β against different α when K is ﬁxed to 16. We can conclude
from Fig. 2 that although N and K are ﬁnite in practical
large-scale MIMO systems, the gap between the theoretical
and simulated β is negligible except when α = 1. Thus, once
the conﬁguration of the large-scale MIMO system has been
ﬁxed, the constant factor β is known, and we only need N
times of multiplications to compute βHH ŝ(i+1) . Based on the
analysis above, the overall required number of multiplications
by the proposed GS-based precoding is N + N K + iK 2 .
TABLE I
C OMPUTATIONAL C OMPLEXITY
Iterative
number
i=2
i=3
i=4
i=5
i=6
i=7

(19)

Neumann-based
precoding [10]
N + N K + 3K 2 − K
N + N K + K2 + K3
N + N K + 2K 3
N + N K + 3K 3 − K 2
N + N K + 4K 3 − 2K 2
N + N K + 5K 3 − 3K 2

Proposed GS-based
precoding
N + N K + 2K 2
N + N K + 3K 2
N + N K + 4K 2
N + N K + 5K 2
N + N K + 6K 2
N + N K + 7K 2

B 

According to (19), we can conclude that BG F ≤ √N2 F .
The Lemma 1 indicates that the GS-based precoding
scheme will enjoy a faster convergence rate than the Neumannbased precoding since it has a smaller BG F [14]. In other
words, when the number of iterations is limited, the solution
of the GS-based precoding will be more close to that of the
ZF precoding with exact matrix inversion.

15

Theoretical β
Simulated β

10

β

D. Computational complexity analysis
Since both the conventional ZF precoding and the proposed
GS-based precoding need to compute W = HHH , we compare the computational complexity after the matrix W has
been obtained. Besides, as the computational complexity is
dominated by multiplications, we evaluate the complexity in
terms of the required number of complex multiplications [15].
It can be found from (10) and (11) that the computational complexity of the proposed GS-based precoding scheme comes
from three parts. The ﬁrst one originates from solving the
linear equation (10). Considering the deﬁnition of D and L in
(9), the solution can be presented as
(i+1)

ŝm

1
= wmm
(sm −

(i+1)

k<m

wmk ŝk

m, k = 1, 2, · · ·, K,
(i+1)

−

(i)

k>m

wmk ŝk ),

(20)

where ŝm , ŝm , and sm denote the mth element of ŝ(i) ,
ŝ(i+1) , and s, respectively, wmk denotes the entry of the matrix
W in the mth row and kth column. It is clear that the required
(i+1)
number of multiplications in the computation of ŝm
is K.
Since there are K elements in ŝ(i+1) , solving the equation
(10) only requires K 2 times of multiplications. The second
one comes from the multiplication of a N × K matrix HH
and a K × 1 vector ŝ(i+1) , where N K times of multiplications
are required. The last one is from the computation of the factor
β in (4). It has been proved that when N and K go inﬁnity
while α = N/K keeps ﬁxed in large-scale
MIMO systems,

β converges to a deterministic value K(α − 1) [5]. Fig. 2
shows the comparison between the theoretical and simulated

5

0

2

4

6

8

α=N/K

10

12

14

16

Fig. 2. Comparison between the theoretical and simulated β against different
α = N/K for ﬁxed K = 16 in large-scale MIMO systems.

Table I compares the complexity of the recently proposed
Neumann-based precoding [10] and the proposed GS-based
precoding. Since the complexity of the classical ZF precoding
is O(K 3 ), we can conclude from Table I that the Neumannbased precoding can reduce the complexity from O(K 3 )
to O(K 2 ) when the number of iterations is i = 2, but its
complexity is still O(K 3 ) when i ≥ 3. To ensure the approximation performance, usually a large number of iterations is
required (as will be veriﬁed later in Section IV), which means
the required number of multiplications by the Neumannbased precoding may be even larger than the ZF precoding.
Therefore, although it does not require any division operation
which is difﬁcult for hardware implementation [5], [10], its
overall complexity is almost the same as the ZF precoding. On
the other hand, we can observe that the proposed GS-based
1
precoding also requires no division operation since wmm
can
1
2
be approached by N [5], and its complexity is O(K ) for an
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0

10

−1

10

−2

10

BER

arbitrary number of iterations. Even for i = 2, the proposed
GS-based precoding has lower complexity than the Neumannbased one [10].
Additionally, we can observe from (20) that the computation
(i+1)
(i+1)
of ŝm
utilizes ŝk
for k = 1, 2, · · ·, m − 1 in the current
(i)
(i + 1)th iteration and sl for l = m + 1, m + 2, · · ·, K in
the previous ith iteration. Then two another beneﬁts can be
(i+1)
expected. Firstly, after ŝm
has been obtained, we can use
(i)
it to overwrite ŝm which is useless in the next computation
(i+1)
of ŝm+1 . In this way, only one storage vector of size K × 1
is required; Secondly, the solution to (10) becomes closer to
(i+1)
the ﬁnal solution ŝ with an increasing i, so ŝm
can exploit
(i+1)
for k = 1, 2, · · ·, m − 1 that have already
the elements ŝk
been computed in current (i + 1)th iteration to produce more
reliable result than the Neumann-based precoding, which only
utilizes all the elements of ŝ(i) in the previous ith iteration.
Thus, a faster convergence rate can be expected from another
aspect, and the required number of iterations to achieve a
certain approximation accuracy becomes smaller. Based on
these two special advantages of the GS method, the overall
complexity of the proposed scheme can be reduced further.
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Fig. 3. Capacity comparison for the 256 × 16 downlink large-scale MIMO
system.
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To evaluate the performance of the proposed GS-based
precoding, we provide the simulation results of the achievable
channel capacity as well as the BER performance, compared
with the recently proposed Neumann-based precoding [10].
The capacity and BER performance of the classical MF
precoding and ZF precoding with exact matrix inversion is
also included as the benchmark for comparison. Besides, we
also provide the performance of the optimal DPC precoding to
verify the capacity-approaching performance of the proposed
GS-based precoding. We consider two typical downlink largescale MIMO conﬁgurations with N × K = 256 × 16 and
N × K = 256 × 32, respectively. The modulation scheme of
64 QAM is employed, and the Rayleigh fading channel models
is used for simulation.

Neumann−based precoding, i=2
Neumann−based precoding, i=3
Neumann−based precoding, i=4
Neumann−based precoding, i=5
GS−based precoding, i=2
GS−based precoding, i=3
GS−based precoding, i=4
GS−based precoding, i=5
MF precoding
ZF precoding
DPC precoding

14

Fig. 4. BER performance comparison for the 256 × 16 downlink large-scale
MIMO system.

350

220

12

SNR (dB)

IV. S IMULATION R ESULTS

240

Neumann−based precoding, i=2
Neumann−based precoding, i=3
Neumann−based precoding, i=4
Neumann−based precoding, i=5
GS−based precoding, i=2
GS−based precoding, i=3
GS−based precoding, i=4
GS−based precoding, i=5
MF precoding
ZF precoding
DPC precoding

250

200

150

100

50

0

5

10

15

20

25

30

SNR (dB)

Fig. 5. Capacity comparison for the 256 × 32 downlink large-scale MIMO
system.

Fig. 3 and Fig. 4 show the capacity and BER performance
comparison between the Neumann-based precoding and GSbased precoding, respectively. The MIMO conﬁguration is
N × K = 256 × 16, and i denotes the number of iterations.
It is clear from Fig. 3 that for a realistic large-scale MIMO
system with limited number of transmit antennas and users,
the ZF precoding has much better performance than the MF
precoding, and it is capacity-approaching compared to the
optimal DPC precoding, since the performance gap is within
0.5 dB for the achieved capacity of 220 bps/Hz. In addition,
as shown in Fig. 3, when the number of iterations is small
i.e., i = 2, the Neumann-based precoding cannot converge,
leading to the serious multi-user interferences and the obvious
loss in capacity, while the proposed GS-based precoding can
achieve the much better performance. For example, when
SNR = 30 dB, the proposed scheme can achieve 175 bps/Hz,
while only 130 bps/Hz can be obtained by the Neumannbaesed precoding. As the number of iterations increases, the
performance of both schemes improves. However, when the
same number of iterations i is used, the proposed scheme
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complexity. We also prove that the proposed scheme can
converge faster than the recently proposed Neumann-based
precoding. It is shown that the proposed GS-based precoding
can reduce the complexity from O(K 3 ) to O(K 2 ). Simulation
results demonstrate that the proposed scheme outperforms
the Neumann-based precoding, and approaches the optimal
performance of the DPC precoding with a small number of
iterations, i.e., i = 4 and i = 5 for N × K = 256 × 16 and
N × K = 256 × 32 large-scale MIMO systems, respectively.
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Fig. 6. BER performance comparison for the 256 × 32 downlink large-scale
MIMO system.

outperforms the Neumann-based one. For example, we can
observe from Fig. 4 that when i = 3, the required SNR to
achieve the BER of 10−3 by the proposed scheme is 22.5 dB,
while the Neumann-based one requires the SNR of 24 dB.
Fig. 5 and Fig. 6 show the capacity and BER performance comparison between the two precoding schemes when
N × K = 256 × 32, respectively. Comparing Fig. 3 and Fig.
5, we can ﬁnd that with a decreasing value of α = N/K,
the performance of Neumann-based precoding becomes worse.
For example, when i = 4, for the 256 × 16 MIMO system,
the Neumann-based precoding can achieve 90% of capacity
of DPC precoding at SNR = 30 dB, while for the 256 × 32
MIMO system, it can only achieve 64% of the ideal capacity.
In contrast, when i = 4, the proposed GS-based precoding
can achieve 99% and 97% of capacity of DPC precoding
for 256 × 16 and 256 × 32 MIMO systems, respectively. This
indicates that the proposed scheme is more robust to α.
Moreover, we can also conclude from Fig. 6 that the
proposed GS-based precoding requires a smaller number of
iterations to obtain the same BER performance than the
Neumann-based precoding. For example, when i = 2, the
performance of the proposed scheme is almost the same as that
of the Neumann-based one when i = 4, which means a faster
convergence rate can be achieved by the proposed scheme as
we have proved in Section III-C. Therefore, the complexity
can be further reduced.
More importantly, when the number of iterations is relatively large (e.g., i = 4 in Fig. 3 or i = 5 in Fig. 5), the
proposed scheme without the complicated matrix inversion can
approach the channel capacity of the optimal DPC precoding
with negligible performance loss, which verify the capacityapproaching performance of the proposed GS-based precoding.
V. C ONCLUSIONS
In this paper, by fully exploiting the special channel property of downlink large-scale MIMO systems, we proposed a
capacity-approaching GS-based precoding scheme with low
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